Abstract: A novel method based on genetic algorithm is proposed to find the location, the operating point as well as the number of multi-type FACTS devices in the restructured environments simultaneously and optimally. This method comprises two separate algorithms and takes the advantages of a proposed heuristic search manner, which can decrease considerably the feasible search space. A desirability criterion is proposed to evaluate the suitability of the results. The objective function of the combinatorial optimisation problem is designed such that the nodal prices along with their standard deviation are decreased effectively. A new model, averageneural lossy model is used for FACTS devices, STATCOM and SSSC, which takes the converter power losses into account and thus produces the required PQ-phasor to evaluate STATCOM and SSSC in steady-state situation. The proposed method is appropriate for medium and large-scale systems and its effectiveness is demonstrated by the test results.
Introduction
High flexibility in management and control of power system can be achieved by using FACTS devices, as they are being widely used to alleviate the congestion in the transmission systems of restructured environments. However, the effects of these devices are severely dependent on their type, size, number and locations in the transmission systems. Therefore elaborate studies were done on the subject of placement of these devices for optimal improvement of power system operation. The studies made can be divided into two categories, as below:
1. A specific device is studied which belongs to one of the three groups of FACTS devices, that is, parallel, series and/or parallel -series devices [1 -12] .
2. Multi-type power electronic devices are considered, which may belong to one or more groups of FACTS devices [13 -19] . Multi-type FACTS devices refer to employment of two or more types of FACTS controllers (e.g. 'series and shunt' or 'shunt and combined') in the analysis throughout this paper. Although combinations of various types of FACTS controllers can be studied, here two controllers of two different types are modelled and applied to the proposed algorithm. It should be emphasised that every employed FACTS controller needs to be analytically modelled before applying to the optimal power flow (OPF).
This later can be subdivided into four categories as below:
2.1 Each type is studied individually to compare the effects of different types of FACTS devices on the power system operation [13, 15 -17] . This subcategory is similar to the first category.
2.2
The number and location of each device type are already known, where an optimisation problem is solved to find the optimal operating point of each FACTS controller simultaneously [14, 19] .
2.3
The number of each device type is already known and an optimisation problem is solved to find simultaneously the optimal location and operating point of all devices [15] .
2.4 An optimisation problem is solved to find the optimal number (limited to the number of device types) and location as well as operating points of all the devices simultaneously [18] .
It should be noted, however, that the capabilities of all three groups of FACTS devices cannot be covered fully through using a single group only. Even if parallel -series devices are used, it is possible that the behaviour of parallel part of the device be optimised while the series behaviour cannot. This holds when the situation is the other way round. Therefore categories 1 and 2.1 are not suitable choices. Moreover, categories 2.2 and 2.3 in which the location and/or the number of FACTS devices are not determined optimally do not yield the desired optimal results. If category 2.4 is developed properly with suitable numbers and combinations of FACTS devices, the operation of power systems can be improved extensively. A useful combination is to use both series and parallel devices concurrently. This combination can include all the characteristics of the three groups of FACTS devices.
In addition to finding the optimal location of each device, determining the optimal number of multi-type FACTS devices is a very important and complex matter, for which a proper method is not proposed as yet. In [12] , one unified power flow controller (UPFC) is installed between buses 4 and 9 close to bus 9 of the IEEE 9-bus test system, calculating the effects of this installation. Also, a research in [13] works on lowering the congestion using static VAr compensator (SVC) and thyristor-controlled series capacitor (TCSC). Each device is located across the IEEE 14-bus test system using trial and error when the number of buses and lines is low. Another research in [14] examines the increase of the total transfer capability because of the installation of one UPFC along with one TCSC in the IEEE 14-bus test system. The increase of the loadability of the IEEE RTS 24-bus system using TCSC and TCPAR is studied in [15] . Three specified certain combinations of TCSC and TCPAR are studied simultaneously. Further, STATCOM and UPFC are used in [16] for a six-bus power system as well as the IEEE 14-bus (only STATCOM is used) to improve the voltage stability.
According to these relevant literatures, two methods are presented to find the optimal number of FACTS devices and for each method a single type of device is used. In the first method, the number of single-type FACTS devices is incremented up to achieving a certain satisfactory level for the objective function [15] . Clearly, this method cannot be used to find the optimal number of multi-types FACTS devices. In the second method, which is normally based on genetic algorithm (GA), the binary coding system is used. That is to say that certain types of strings are used, whose number of bits equals to the locations where the FACTS devices can be installed [20] . Based on the results of optimisation problem, the optimal numbers of devices are equal to the number of bits valued as '1'. This method is not efficient for medium and large-scale power systems due to the fact that searching in a very large feasible solution space is a tedious task. Moreover, developing this method for cases in which the size of feasible space is naturally large, like in using combination of multi-type FACTS devices, is not acceptable.
Furthermore, a GA-based method is proposed in [18] to place multi-type FACTS devices simultaneously and optimally. However, the method is capable of seeking one device per type out of the multi-type number of FACTS controllers. For example, three different types of FACTS devices are considered, and the locations of these three FACTS controllers are searched simultaneously and optimally. Thus, the method cannot cover working on combinations like four FACTS devices of three different types.
This paper proposes simultaneous use of parallel and series FACTS devices to include the characteristics of three groups of FACTS devices. While the suggested algorithm is developed for multi-type FACTS controllers, here a shunt-type controller (STATCOM) along with a series type (SSSC) are analytically modelled using averageneural (AN) technique. This combination can provide appropriate tools to control both active and reactive power flows throughout the system. A novel method containing two separate algorithms is proposed to find the location and the operating point as well as the number of each type of FACTS devices simultaneously and optimally. In the first algorithm, the maximum number of each device is determined individually. Then, the best combination of multi-type FACTS devices are searched for, taking the maximum number of each device into account. This heuristic method decreases the search space significantly, which is normally known as the number of nodes for parallel devices and number of lines for series ones. This advantage makes the proposed method suitable for medium and large-scale power systems. Furthermore, a desirability criterion is suggested to evaluate the suitability of the results. The problem is formulated, regarding the power market. The power injection model for STATCOM and SSSC is adopted by applying a neural model based on the averaging technique. This model can take the converter power losses into account and produce the required PQ-phasor that is suitable for power system in steady states. Applying the algorithm to the modified IEEE 14-bus, 30-bus and 118-bus test systems, the results show that the proposed method is an effective method for finding the optimum number of multi-type FACTS devices.
Problem formulation
A series device, SSSC, and a parallel device, STATCOM, are selected as possible options in order to control both active and reactive power flow using FACTS devices.
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Description of possible models
Power injection model is a suitable model for these devices in steady-state calculations [21] . This paper uses the power injection models based on averaging technique for FACTS devices. Averaging technique presents an instantaneous time-domain model [22] and it takes all the aspects into account appropriately, including the DC-link of the converter as well as the power losses. This technique is used in [23] to model the STATCOM in an optimal placement problem for a power system. However, the problem with this model is that it necessitates solving a set of differential equations for every operation condition. This is quite a sophisticated process for an OPF problem. To avoid this problem and link the instantaneous results to single-frequency power system analysis, the advantage of neural networks is taken. In other words, a neural model based on the averaging technique is used to extract the power injection model for STATCOM and SSSC. The resultant model produces the required PQ-phasor, which is suitable for power system in steady states.
AN lossy model of STATCOM and SSSC
In brief, while average model of STATCOM is presented in [22] , resultant model is shown by Fig. 1a . In this model, L introduces the equivalent coupling inductance between the converter and the power system. The resistance R is part of the compensator losses concerned with the interconnection of the converter to the power system. The other part of the power losses corresponds to the converter losses that are absorbed by the proper modulation of the converter switches. Fig. 1b [24] .
Similar model for SSSC can be achieved by implementing the same procedure. Average model of SSSC is shown in Fig. 2a . Here again, L introduces the equivalent coupling inductance between the converter and the power system. The resistance R is part of the compensator losses concerned with the interconnection of the converter to the power system. Similarly, a new bus is added for every 
Combinatorial problem formulation
In the restructured environment, occurrence of transmission congestion leads to an unfair energy pricing procedure in the network. The price of electricity may significantly differ in both sides of a congested line. As the congestion in transmission system is increased, the differences in nodal prices get wider. Therefore alleviating the congestion can provide fair pricing conditions for power market participants. By using FACTS devices, it is possible to rectify the congestion. In this respect, applying a suitable objective function for optimal placement of FACTS devices plays a very important role. This paper offers a solution to decrease the nodal prices and price differences by adopting a proper objective function for optimal placement of FACTS devices. The objective function Z can be defined as below
Nodal price of active power at bus j is shown by NP j and n denotes the number of nodes. Minimisation of (1) leads to reduction of both nodal prices and the difference between one another. For each arrangement of FACTS devices the nodal prices can be calculated by solving an OPF problem in which an objective function is minimised, subjected to a number of equality and inequality constraints. Let us define vectors P W ( p 1 , p 2 , . . . , p n ) and Q W (q 1 , q 2 , . . . , q n ) for an n-bus power system, where p i and q i represent active and reactive power demand of the ith bus, respectively. Also, assume the state variables in power system operation to be X ¼ (x 1 , x 2 , . . . , x m ), such as real and imaginary parts of each bus voltage (or voltage value and its angle), active and reactive outputs of generators etc. Therefore the operation problem of a power system for the given loads (stated by (P, Q)) can be formulated as an OPF problem
Minimise f (X , P, Q)
Subjected to:
where f (X, P, Q) is an scalar short-term operation cost (for fuel cost in here), n 1 equality constraints is represented by
T (such as power flow balance (Kirchoff's laws)) and
T shows vector of n 2 inequality constraints (the superscript T stands for the transposition of a matrix). It is noticeable that H(X, P, Q) includes all variables limits and function limits, such as upper and lower boundaries of transmission lines, generation outputs, stability or security limits etc.
It should be mentioned, however, that the placement of FACTS devices, that is, system buses for STATCOMs and transmission lines for SSSCs, are defined by integer variables in optimisation problem. Therefore the problem of optimal placement of FACTS devices can be formulated as a mixed integer nonlinear programming (MINP). This problem should be solved by a suitable tool that is able to search for the optimum values of integer variables as well as the optimum of real ones.
3 Proposed method for optimal number and placement of multitype FACTS devices
In the first step, one proposal is raised for multi-type FACTS controllers, suggesting a solution to seek their individual optimal numbers. Furthermore, in the second step, their optimal placement and operating points are investigated using the results of the first step by embedding both steps into the GA and Lagrangian optimisation method (see (1) - (2)).
First, an algorithm is proposed in order to determine the optimal number of each device individually by solving an optimisation problem repeatedly. The optimal number of each device, obtained in the first step, is considered as the maximum number in the second step in which multitype FACTS devices are located simultaneously. In other words, for each device, its optimal number in the simultaneous case is equal or less than its optimal number in every individual case. This is due to the fact that the FACTS devices effects, when used simultaneously, are more than the case when used severally in improving the objective function. In the second step, an algorithmic search provides the best response between all the possible combinations of multi-type FACTS devices. Each combination could include any number and type of devices; from zero up to the maximum number.
Setting an upper-limit to the number of multi-type FACTS devices
The first proposed algorithm for individual placement of each type of FACTS devices is performed as the first step. These placements are expressed by strings consisting of integer numbers. The length of each string is equal to the number of FACTS devices, which is determined before running the algorithm. The algorithm is started for one device and having found the optimal solution it is restarted for two individual numbers of the same device and so on. The number of devices is increased one by one and the following indexes are calculated using the optimal value of objective function
where INC is an index to check out the stopping condition for increasing the number of FACTS devices, subscript i denotes the number of FACTS devices and Z i is the optimal value of the objective function when applying i FACTS devices. Also, DZ i shows the variation of the objective function when the number of FACTS devices is increased from i 2 1 to i. The number of FACTS devices is increased as long as DZ i is ascending; otherwise, stopping condition is satisfied. Although the optimal number of FACTS devices is obtained using the stopping criteria in (3), CIM in (4) is proposed as an extra optional index in order to assess the relative variations of the objective function from i 2 1 to i. Whenever CIM is maximised for a certain number of FACTS devices, the maximum improvement for the objective function is achieved. A designer might think that any further improvement is negligible. It is noticeable that CIM gives smaller number of devices compared to that of INC. At this point, the number of related devices is termed as the maximum number of the same. Resultant maximum number of devices is used in the second algorithm.
According to the first algorithm, for each chromosome in the initial population, the objective fitness function and optimal operating point of FACTS devices as well as the generators are all evaluated by solving the OPF problem. The GA proposes the placements of FACTS devices. Furthermore, the optimum operating point of FACTS devices and generators are determined by solving the Lagrangian function. At each generation of GA, a new set of better chromosomes are created through selection of the chromosomes according to their fitness: survival of the fittest. After the candidate parents are selected, genetic operators that is, crossover and mutation, are applied to create the new population. The iteration process continues until stop criterion, implying that an assigned maximum number of generations are reached. Thus, the first algorithm can be summarised as follows:
1. Read the power system parameters and specifications.
Set the number of FACTS device to zero (N FACTS
¼ 0). 3. Set N FACTS ¼ N FACTS þ 1.
4.
Create an initial population of the chromosomes based on the proposed placement(s) of the FACTS device (bus/ line numbers).
5. Solve the OPF problem defined by (2) for one chromosome.
6. Obtain the value of objective function defined by (1) using step 5. 14. Stop.
Optimal number of multi-type FACTS devices
In the second algorithm, the chromosomes of fixed length structures are designed to contain several combinations of multi-type FACTS devices. To elaborate more, suppose that the optimal number of STATCOMs and SSSCs obtained individually in the first algorithm to be 3 and 2 devices, respectively. Then the second algorithm looks for all the combinations of STATCOMs and SSSCs wherein the number of STATCOMs and SSSCs are equal or less than 3 and 2 devices, respectively. Table 1 represents all combination of FACTS devices that are considered in the second algorithm in this case.
A typical structure of each chromosome for the above cited example is shown in Fig. 3 . It can be seen from Fig. 3 that the three first genes represent the locations of STATCOMs. The three last genes are randomly filled by binary values and the bits whose values are equal to one, showing the STATCOMs that are to be considered. More so, the zero values show that the related STATCOMs should be omitted. The similar description holds for SSSC. It should be noted that the genetic crossover and mutation operators are applied on the encoded chromosomes.
The second proposed algorithm is designed for simultaneous placement of multi-type FACTS devices.
Compared to the first proposed algorithm, the multi-type FACTS devices here are considered simultaneously. The output of this algorithm determines the optimal location, combination, number and operating point of FACTS devices as well as generators. The second proposed algorithm is described as follows: 8. Apply genetic operators (crossover and mutation) to the candidate parents for creating a new population. Note that genetic operators are applied to the encoded chromosomes in order to create new combination of multi-type FACTS devices. Figure 3 Typical structure of chromosomes that is used for simultaneous optimal placement of FACTS devices Table 1 Twelve possible combinations of using three STATCOMs and two SSSCs 9. Repeat steps 3 -8 while the stopping condition of the GA is unsatisfied.
10. Print the OPF results of the best chromosome and the optimal value of objective function as well as the optimal numbers of STATCOMs and SSSCs, their locations and operating points.
11. Stop.
Proposed criterion for evaluating the results of optimal placement
The optimal number of multi-type FACTS devices as well as their best locations were suggested, which are based on alleviating the congestion of transmission lines as the objective function. Also, application of multi-type FACTS devices is led to the reduction in the nodal prices as well as their differences. These two parameters are treated by the combinatorial optimisation problem when the mean of the nodal prices as well as their variance are minimised.
To find out about the suitability of the optimised solution, this paper proposes a desirability criterion. Assume all power flow limits are neglected in an OPF problem. It is further supposed that no FACTS devices are installed for the power system. Thus, it is expected that the transmission congestion is removed. The OPF can be solved under this circumstance, where the resultant values of the nodal prices and their differences as well as the value of the objective function are called as desirable values in this paper. Therefore the suitability of the final solutions resulting from various IEEE benchmarks can now be evaluated by comparing them with their corresponding desirable values.
Numerical results
The proposed method is simulated by a tool implemented in MATLAB environment, which uses some features of the methodological approach used in the power simulation package MATPOWER [25] . Modified IEEE 14-bus test system and modified IEEE 30-bus test system in which all loads are multiplied by 1.35 are used to evaluate the effectiveness of the proposed method. Additionally, the modified IEEE 118-bus test system is used in which all loads are multiplied by 0.7, removing all 100 MW generators. Two types of FACTS devices, STATCOM as a parallel device and SSSC as a series device, are selected to alleviate the transmission congestion of both test systems. Simulation results are provided below.
Modified IEEE 14-bus system
The IEEE-14 bus system is used to examine the proposed method as follows:
Desirable values:
The OPF problem is solved by neglecting the power flow limits of transmission lines. The resultant nodal prices and their differences are presented in Table 2 as desirable values. Under this condition, the value of the desirable objective function is treated as a measure for evaluation of the effectiveness associated with the proposed method.
Base case:
Assume the flow of transmission lines is limited to 50 MVA for the base case. Moreover, the shunt capacitors are removed to show clearly the effects of FACTS devices on alleviating the transmission congestion. The OPF results of the base case are shown in Table 2 , which indicate significant increase of the nodal prices and their variance compared to the desirable case. This also shows occurrence of transmission congestion.
Setting an upper-limit on the maximum number of STATCOMs (individual placement):
Optimisation problem is solved repeatedly for placing up to five STATCOMs individually in the IEEE-14 bus network. The obtained results including the operating points and locations of STATCOMs are listed in Table 3 . The value of INC is increased up to five STATCOMs, decreasing afterward. Thus, the stopping condition using (3) is satisfied for five STATCOMs. Nevertheless, the optional index CIM, defined by (4), gives two STATCOMs for the maximum relative improvement in objective function. It should also be noted that locating STATCOMs at generator buses is not usual, since voltages of generator buses are regulated (normally considered as PV buses). Thus, the proposed algorithm prevents the installation of STATCOMs at generating buses.
Setting an upper-limit on the maximum number of SSSCs (individual placement):
Similarly, the optimal placement of SSSC is performed individually for up to four devices. Table 3 shows the pertinent results. The value of INC is increased up to three SSSCs, decreasing afterward. Thus, the stopping condition using (3) is satisfied for three SSSCs. Nevertheless, the optional index CIM, defined by (4), gives three SSSCs for the maximum relative improvement in objective function. It is seen that SSSC can appropriately decrease the mean of nodal prices in the test system as well as their variance. Also, the SSSCs should only be located at transmission branches, thus locating them at the transformer branches is prevented by the algorithm. Moreover, the maximum line compensation by the SSSC is limited to 60%. As observed in Table 3 , use of only one type of FACTS devices could not give a better result than the desirable case, presented in Table 2 .
Simultaneous multi-type FACTS devices: optimal numbers and placements:
The maximum numbers of STATCOMs and SSSCs are set to be two and three, respectively. Therefore the space of all combinations of up to two STATCOMs and three SSSCs are searched by the second algorithm simultaneously for optimal placement of multi-type FACTS devices. In other words, the optimisation problem is solved for various combinations by GA and the best result is obtained. Thus, the numbers, the locations as well as the operating points are listed in Table 4 related to each type of FACTS devices.
Considering the summarised simulations in Table 4 , the best solution is obtained by the use of one STATCOM connected across bus number 7 and two SSSCs located in line numbers 11 and 18. Comparing Tables 3 and 4 indicates that simultaneous optimal placement of multitype FACTS devices provide better values for the objective function compared to the individual cases. This is due to provision of the complementary characteristics of parallel and series devices, which appears in simultaneous cases.
Moreover, the best value of objective function in simultaneous case in Table 4 is smaller than the desirable value given in Table 2 . This shows clearly the effectiveness of the proposed method for finding the optimal placement of multi-type FACTS devices. It can now be emphasised that the proposed method, using multi-type FACTS devices with certain congestion limitations, is capable of introducing better results than those of the desirable case with no congestion limitations. In fact, even if no transmission congestion exists, it is suggested to use multitype FACTS devices for more appropriate operating conditions.
Modified IEEE 30-bus test system
Assume that the power flow in transmission lines of the IEEE 30-bus test system is bounded to 40 MVA. Then, this modified network is studied like that of the IEEE 14-bus power system. Both the desirable and the base cases are shown in Table 5 . First, the optimisation problem is run to find the best number of STATCOMs in an individual case study. The value of INC is increased up to six STATCOMs, decreasing afterwards. Thus, the stopping condition using (3) is satisfied for six STATCOMs. Nevertheless, the optional index CIM gives two STATCOMs for the maximum relative improvement in objective function. Further, the stopping condition using (3) is satisfied for four SSSCs according to Table 6 . Nevertheless, the optional index CIM gives four SSSCs for the maximum relative improvement in objective function.
Then, all possible combinations of multi-type usage of the SSSC (up to five) and the STATCOM (up to two) are considered and the proposed algorithm is applied to each combination. The best solution for the optimal number and placement of multi-type FACTS controllers (STATCOM and SSSC) are listed in Table 7 . The optimal solution suggests applying one STATCOM located across bus number 4 and two SSSCs located in transmission lines 1 and 37.
Comparing the results listed in Tables 5-7 shows that, when multi-type FACTS devices are used simultaneously, using less number of devices gains better value of the objective function. Moreover, the best value of objective function in simultaneous multi-type case (41.8) is less than desirability criterion (56.581), which verifies the efficiency of the proposed method. It should be noted, however, that the optimal number of SSSCs and STATCOMs given in Tables 4 and 7 differ from those of individually optimised cases. This implies 
Modified IEEE 118-bus test system
The five steps described in Section 4.1 are repeated for the modified IEEE 118-bus test system in which the limit of flow in transmission lines is assumed to be 400 MVA for lines 1-37 and 185 MVA for other lines (this simply shows an example that can be changed accordingly). The value of INC is increased up to four STATCOM and then starts decreasing afterward. Thus, the stopping point (see (3) ) of increasing the number of STATCOMs is four based on the considered limits. Using the second algorithm, all combinations of up to four STATCOMs and four SSSCs are searched and assessed for the best combination, namely Tables 8-10 shows better values for the objective function under simultaneous optimal placement of multitype FACTS devices. The best value of objective function in simultaneous case (42.954) is less than that of the desirability criterion (43.066), verifying the efficiency of the proposed algorithm. www.ietdl.org 5 
Conclusion
A method is proposed for employing multi-type FACTS devices in a restructured environment. In brief, the proposal focuses on achieving the optimal number of multi-type FACTS devices and their best locations. The objective function of the optimal placement problem is organised to reduce both the nodal prices and their differences efficiently. The method uses an AN lossy model for STATCOM and SSSC in order to provide the required power injection model of FACTS devices in steady-state operation by taking the converter power losses into account. Furthermore, two genetic-based algorithms are proposed to tackle the complexities and difficulties to determine the optimal numbers of multi-type FACTS devices. Application of these two algorithms leads to a significant reduction in the problem search space. To validate the proposals, a desirability criterion is suggested to evaluate the efficiency of the proposed method. The suitability of the method is shown by applying the multi-type FACTS devices proposal to the modified IEEE 14-bus, IEEE 30-bus and IEEE 118-bus benchmarks. The results show better operating conditions for power system when multi-type FACTS devices are applied simultaneously compared to those of the individual cases. Moreover, the number of each type of FACTS devices in the best combination of multi-type FACTS devices differs from the number of that type in the best individual combination. This implies that holding one type of FACTS devices in its optimal number and then adding other types of FACTS devices one by one may distance from the best combination. 
